Abstract-In this paper, it is shown how power pattern crosscorrelation (PPCC) algorithm, which relies on received signal strength (RSS) values recorded at electronically steerable parasitic array radiator (ESPAR) antenna output port, used for directionof-arrival (DoA) estimation, can easily be improved by applying spline interpolation to radiation patterns recorded in the calibration phase of the DoA estimation process. The proposed method allows one to measure ESPAR antenna's radiation patterns during the initial calibration phase with much coarser angular resolution than required for linearly interpolated radiation patterns. Simulation results indicate that the overall DoA estimation accuracy can be kept at the similar level even for a few number of points, which, when applied in anechoic chamber calibration procedure of wireless sensor network (WSN) nodes equipped with ESPAR antennas, will have a noticeable influence on the overall calibration time and therefore also on deployment costs in practical WSN applications.
I. INTRODUCTION
During the recent years, a vast range of foreseen applications of indoor positioning influenced on the techniques of determining the position and obtaining the necessary input information for positioning algorithms. Most common methods are based on the measured RSS values, obtained by the power sensor of wireless device. However due to the characteristics of indoor propagation environment, the information, mostly employed for multilateration algorithms as a range equivalent, might be significantly flawed [13] . The other use of RSS is to estimate the direction of arrival of the signal impinging the ESPAR antenna. In this solution, the maximum likelihood criteria is used to determine the most probable direction from which the signal arrives to the antenna. Then the information is processed using the triangulation algorithm [14] , [15] .
Direction-of-arrival (DoA) is an important technique also frequently used for indoor positioning and to enhance capabilities of modern wireless communication systems [1] . Often, it involves digital beamforming, for which a series of digital signal processing (DSP) units is necessary [2] , which highly increase the overall cost of the system. Alternatively, electronically steerable parasitic array radiator (ESPAR) antenna can be used [3] - [5] , which consists of only one singleport output connected to the active element surrounded by a number of parasitic elements. By adjusting the reactance values connected to the parasitic elements, it is possible to shape antenna's radiation pattern. Such a property of ESPAR antennas, together with a proper DoA algorithm, such as MUltiple SIgnal Classification algorithm (MUSIC) [6] or power pattern crosscorrelation algorithm (PPCC) [4] , gives the opportunity to estimate the direction of arrival of the signal impinging the antenna.
In wireless sensor network (WSN) applications, DoA estimation is often utilized to improve parameters or functionality of the system, such as coverage, energy-efficiency, localization and connectivity [7] - [9] . The PPCC algorithm has been already implemented in WSN applications [10] , but the main disadvantage of the solution is the necessity of performing a time consuming calibration of each node of the system. To obtain accurate DoA estimation, ESPAR radiation patterns need to be measured with at least 1° resolution [4] , [10] what leads to time and cost consuming deployment of such system. As a solution to this drawback, PPCC-based DoA algorithm for ESPAR antenna which uses linearly interpolated radiation patterns has been introduced in [11] . The method allows to shorten the calibration procedure of the DoA algorithm by measuring ESPAR antenna's radiation patterns with coarser angular step ∆ , which is then linearly interpolated. The main weakness of this method is that, with angular steps larger than 12°, the DoA estimation error significantly grows [11] .
In this paper, a modification to the PPCC-based DoA algorithm relying on interpolated ESPAR antenna radiation patterns [11] is proposed and verified in numerical simulations. The proposed improvement uses circular cubic spline to obtain ESPAR antenna radiation patterns from very coarse measurements. Numerical simulations results indicate that the proposed concept improves the accuracy of RSS-based DoA estimation giving the opportunity to further reduce time needed for the calibration procedure, while keeping the precision of the estimation at the similar level.
II. ESPAR ANTENNA DESIGN
The proposed DoA estimation method is based on ESPAR antenna design with 12 passive elements and one active monopole located in the center of the ground plane. Results provided in [4] indicate that the best DoA estimation can be obtained for the narrowest directional main beams having high front-to-back ratios. In selected design, 1.7 mm FR4 laminate with top-layer metallization has been used. Passive elements can be connected to the ground or opened by a dedicated switch, connected to the ground plane end of the element [4] . This way every parasitic element becomes a reflector when connected to the ground and a director when opened. Such a design gives the possibility of controlling the antenna's radiation pattern electronically. As defined in [10] , each antenna configuration can be described by the steering vector = , , … , ] where describes the current state of the nth parasitic element and can take values = 0 when it is shortened to the ground or = 1 when opened. The proposed ESPAR antenna, shown in Fig.1 , has been designed and simulated in FEKO electromagnetic simulation software at the center frequency of 2.484 GHz. The antenna design re-used initial dimensions proposed in [10] and has been optimized to provide radiation patterns, which representative is visible in Fig. 2 , that can be utilized in DoA estimations [11] . 
III. DIRECTION-OF-ARRIVAL ESTIMATION USING RADIATION PATTERNS SPLINE INTERPOLATION
The proposed DoA estimation is based on RSS-based PPCC algorithm [4] , which calculates cross-correlation coefficient between each of antenna outputs recorded for all main beam directions and measured antenna's radiation pattern. As presented in [11] , for the discreet values of antenna's radiation patterns measured with the angular step ∆ , the crosscorrelation coefficient can be written in its discreet form:
where
is a discreet representation of ESPAR antenna's radiation pattern values for all corresponding steering vectors measured in an anechoic chamber with the angular step precision ∆ , , , … , are output power values recorded during the actual DoA estimation process for a signal impinging the antenna from an unknown direction. In the abovementioned formula, it is easy to notice that by decreasing the angular step ∆ , the precision of Γ increase. This implies the conclusion that for more accurate DoA estimations the longer calibration procedure is required, which influences the final WSN-based DoA system deployment time.
To reduce the potential complexity of the calibration procedure, linear interpolation of antenna radiation patterns have been introduced [11] . This gives an opportunity to reduce the number of calibration points necessary to be measured and still maintain satisfactory precision of PPCC-based DoA estimation. In [11] , it has been shown that it is possible to obtain similarly high precision of DoA estimation using only 15 calibration points instead of 360. In this paper, cubic spline interpolation of ESPAR antenna radiation patterns is introduced as a way of further enhancement of the method proposed in [11] .
The main drawback of linear interpolation of the antenna radiation patterns is that the fitting results deteriorate for larger angular steps ∆ . It is expected, that exchanging linear interpolation functions with cubic polynomials will improve the interpolation effects, and as a result, will provide better DoA estimation results comparing to those with linear interpolation.
The cubic spline function can be described as:
where = is a cubic function of subinterval , ], = 1, … , . To determine the cubic spline, coefficients , , , need to be found using the boundary conditions presented in (3):
Since the antenna radiation pattern characteristics is periodic with period = 2 , additional conditions for the periodic function have to be taken into account:
As a result, a set of cubic functions for determined intervals can be obtained.
IV. NUMERICAL SIMULATIONS
In order to verify the presented concept and the overall accuracy improvement using spline interpolation, the designed ESPAR antenna has been simulated in FEKO electromagnetic simulation software to obtain antenna radiation patterns for every of the 12 main beam directions at 2.484 GHz. Obtained characteristics have been sampled with a set of different angular steps precisions. Then, for each ∆ value the 1° step radiation patterns have been recreated using linear and spline interpolation. The results presented in Fig. 3, Fig. 4 and Table I show that spline interpolation is more accurate than linear one. In next step, the obtained sets of antenna radiation patterns have been used in DoA simulations in MATLAB. To this end, the power of a test signal impinging the antenna has been set to 10
, and for every considered direction 10 snapshots were generated. Additionally, to achieve more realistic results, additive white Gaussian noise has been added to introduce a specific signal-to-noise ratio (SNR) for every test.
To determine DoA estimation errors, the difference between real and estimated position has been calculated for each of the horizontal directions , which were determined by setting the transmitting antenna position with a 5° angular step around the receiving antenna. The results for SNR=10 dB and ∆ = 90° for both interpolations are shown in Fig. 5 . The comparison of the results for different values of SNR are presented in Fig. 6 and Table II . Additionally, root-mean-square (RMS) error values have been calculated and compared for linear and spline interpolation of antenna radiation characteristics, and presented in Fig. 7 and Table III, which also contains calibration time for different ∆ measured for our test rotation table. The calibration time can be described as below:
where is the time of full rotation of the antenna from = 0 to = 360 and is the time of measurement at each direction .
The results indicate that the implementation of spline interpolation of ESPAR antenna radiation patterns provides lower DoA estimation errors than when linear interpolation is used. This leads to the conclusion that the angular step ∆ can be increased even more, reducing the calibration time necessary to measure all ESPAR radiation patterns. It is clearly visible that the larger angular step ∆ the stronger improvement over DoA estimation results generated using linearly interpolated ESPAR antenna radiation patterns can be obtained. While for the ∆ values lower than 40° the results are similar for both types of interpolation, for higher values the improvement is easily noticeable. For ∆ = 90°, which is 4 calibration points for each of the ESPAR antenna radiation patterns, the RMS value achieves reduction from 3.41° for linear interpolation to 2.73° for spline interpolation which gives an improvement of about 20%. This leads to the reduction of the deployment time of localization system giving the possibility of using less calibration points for each localization node. Since this applies to every node, the larger system, the more significant time reduction can be achieved.
Using the Intel Core i7 2.6 GHz laptop, the spline interpolation of the radiation patterns using the MATLAB Curve Fitting Toolbox functions took 4.65 ms for ∆ = 45°. This is about 3.2 times longer than for the linear interpolation, but still negligibly short in terms of the DoA estimation calibration procedure, which takes almost half an hour for a single WSN node [11] . In consequence, as results in Table III indicate, the proposed calibration procedure, can either improve the overall DoA estimation accuracy for larger angular step ∆ or allows for further reduction of the calibration time. It needs to be mentioned that in our testbed time of rotation is much longer than time of taking the measurement for particular rotation . One can notice, however, that for DoA-calibration designated testbeds with larger : relations, more significant reduction of the calibration time can be obtained. To verify that, calibration time for a testbed with NI ST23-4 stepper motor together with NI SMD-7615 drive has been measured. The device can achieve resolution up to 20.000 steps per single 360° revolution and include anti-resonance and torque ripple smoothing features. The results presented in Table  IV show that in DoA specific calibration set the calibration time increases proportionally with the number of calibration points. This is especially important for calibration of large systems where potential reduction of calibration time multiplies by the number of nodes with DoA estimation functionality where multiple calibration planes for each node have been used [12] . 
V. CONCLUSIONS
In this paper, it has been presented, how PPCC DoA estimation algorithm can be further improved by employing circular spline interpolation for radiation patterns interpolation. Presented method allows one to shorten the time needed for the deployment of WSN-based indoor positioning system nodes equipped with ESPAR antennas by giving the possibility to measure ESPAR antenna radiation patterns with large angular step resolution. In consequence, shorter anechoic chamber measurements during the PPCC algorithm calibration phase can be obtained. Numerical simulations indicate that it is possible to obtain lower error values of DoA estimations comparing to those where linear interpolation was used. Thus, for circular spline interpolation, larger values of calibration angular step ∆ can be taken under consideration to further shorten the calibration time maintaining the required DoA estimation accuracy.
